Introduction
============

Glycyrrhizic acid (GA) is a triterpene glycoside isolated from the root of the licorice plant. In Japan and China, GA has been developed as an anti-inflammatory hepatoprotective drug in cases of chronic hepatitis ([@b1-mmr-20-03-2657]). GA has also been determined to exhibit a wide range of pharmacological and biological activities, including anti-ulcer, anti-allergic, antioxidant, anti-diabetic and anti-tumor effects ([@b2-mmr-20-03-2657]). In recent years, an increasing number of studies have focused on determining the underlying mechanisms and targets of GA ([@b3-mmr-20-03-2657]--[@b14-mmr-20-03-2657]). However, the lack of systematic dissection of drug-target mechanisms between GA-associated primary and secondary targets is a great obstacle to the research and development of susceptibility indicators for clinical applications. To address this obstacle, the following should be determined: i) Whether significant interactions exist between recently reported targets, including high mobility group box 1 (HMGB1), and well-documented targets mediated by GA, including caspase-3 (CASP3), tumor necrosis factor (TNF) and nuclear factor κB subunit 2 (NFKB2) ([@b1-mmr-20-03-2657],[@b8-mmr-20-03-2657],[@b14-mmr-20-03-2657]); ii) whether there are key hub elements among targets that can improve the understanding of interrelated biological actions mediated by GA, including inflammatory tumors or apoptosis regulation in immune-associated diseases; and iii) whether the systematic assessment of previously published articles can provide predictive leads to uncover molecular events mediated by GA.

In recent years, the genetic alteration of \~20 genes has impacted \~80 approved drugs and, as such, has affected their applicability in a clinical setting ([@b15-mmr-20-03-2657]). Pharmacogenomics (PG) has been developed to determine the associations between genetic variants and drug responses and to create an evidenced-based strategy for improving the administration of drugs ([@b16-mmr-20-03-2657]). To remove analytical obstacles, the PG-based approach may be suitable for mining existing drug-target data obtained from numerous multicenter genomics studies. PG may also be effective for focusing research scope and direction as well as determining drug-target interactions. The current study queried multiple online sources (Drugbank, PubChem, PharmaGKB, STRING, DAVID and cBioPortal) to optimize candidate target genes and to construct a functional activity network associated with GA. The results revealed that the main target pathway mediated by GA is closely associated with the TNF axis. Furthermore, an overlapping gene set extracted from protein-protein interaction (PPI) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses may be the key element to the pathogenesis of neuroendocrine prostate cancer, which is a rare malignancy with a poor prognosis, associated with inflammatory induction, and mostly occurs as an adaptive response following intensive androgen deprivation treatment ([@b17-mmr-20-03-2657]). Thus, the present study provided an insight into GA-mediated anti-cancer activity and may have implications for the treatment of inflammatory malignant neuroendocrine prostate cancer.

Materials and methods
=====================

### Identification of drug targets and visualization of interactions

GA drug-target information was searched using multiple online sources, including Drugbank (<https://www.drugbank.ca/>), PharmaGKB (<https://www.pharmgkb.org/>) and PubChem (<https://pubchem.ncbi.nlm.nih.gov/>). Identification of the direct protein targets of GA was performed using DrugBank. A total of five primary protein targets associated with GA were identified. Interaction networks for GA-associated primary protein targets were generated from the STRING database (<https://string-db.org/>) and integrated into seven active interaction sources (textmining, experiments, databases, co-expression, neighborhood, gene fusion and co-occurrence). The data were then used to output a total of 138 functional partners. The visualized interaction network of integrated GA and GA target data was produced using Cytoscape (version 3.61; <http://cytoscape.org/>), an open-source software package for visualizing complex networks. Bioinformatics analysis was performed as previously described ([@b18-mmr-20-03-2657]).

### Gene Ontology (GO) and KEGG analysis

Functional and pathway enrichment for the target gene set of GA were analyzed using DAVID (version 6.8; <http://david.ncifcrf.gov/>), a tool for gene functional annotation, visualization and integrated discovery ([@b19-mmr-20-03-2657]). A total of 129 GA-associated target genes were specifically queried and integrated into the GO and KEGG analysis tools in DAVID. The top 30 GO terms with P\<0.05 are presented. The significance of the identified genes from the drug-target analysis was verified by replacing significant candidates with other random genes. Validated genes were then systematically sorted based on KEGG analysis. The top 10 pathways with P\<0.05 were selected. Statistical analysis was subsequently performed using DAVID, and data were analyzed using the Fisher\'s exact test.

### Analysis of GA-associated tumor genetic alterations using cBioPortal

To determine the connectivity of GA-associated target genes within different cancer genomic studies, GA-associated data were integrated for further analysis using cBioPortal (<http://www.cbioportal.org/>), an open-source platform that provides visualization, analysis and downloadable large-scale cancer genomic datasets ([@b20-mmr-20-03-2657]). The visualization of genetic alterations across tumor samples was produced using OncoPrint tool. Interaction networks of the overlapping genes from the enrichment analysis were generated via multiple visualization analyses. The underlying data could then be connected to clinical profiles to promote novel discoveries in drug-associated biological functions. The overlapping genes of pathway enrichment analysis was performed with Venn analysis (Venny software; version 2.1; <http://bioinfogp.cnb.csic.es/tools/venny/index.html>).

Results
=======

### Characterization of GA bioactivity and visualization of the GA-associated target network via Cytoscape

Drugbank and PubChem are free bioinformatics and cheminformatics resources that allow for the mining of detailed drug data with comprehensive drug-target information ([@b21-mmr-20-03-2657]). The current study queried Drugbank using GA as the input and subsequently checked against PubChem. This resulted in output DB13751, categorizing GA as an anti-inflammatory agent used in the alimentary tract and for liver therapy, grouping GA as an approved experimental drug. Five primary protein targets of GA \[corticosteroid 11-β-dehydrogenase isozyme 1 (HSD11B1), TNF, CASP3, NFKB2 and lipoprotein lipase (LPL)\] were revealed ([Table I](#tI-mmr-20-03-2657){ref-type="table"}). To further expand the analyses, the secondary protein targets of GA were detected via PPI analysis using STRING. A total of 138 functional partners were identified and determined to be associated with GA-associated primary protein targets ([Table SI](#SD1-mmr-20-03-2657){ref-type="supplementary-material"}).

A drug-target interaction network was constructed by integrating data into Cytoscape (version 3.61) ([@b18-mmr-20-03-2657]). The primary and secondary PPIs of GA, including HSD11B1 (5 PPIs), TNF (44 PPIs), CASP3 (23 PPIs), NFKB2 (38 PPIs) and LPL (28 PPIs), are presented in [Fig. 1](#f1-mmr-20-03-2657){ref-type="fig"}. Additionally, when compared with HSD11B1 and LPL, three primary protein targets (TNF, NFKB2 and CASP3) possessed up to 10 crossed secondary protein targets \[baculoviral IAP repeat-containing protein 3 (BIRC3), BIRC2, FAS-associated death domain protein (FADD), 26S proteasome non-ATPase regulatory subunit 2 (PSMD2), NF-κB essential modulator (IKBKG), ubiquitin C (UBC), receptor-interacting serine/threonine-protein kinase 1 (RIPK1), NF-κB subunit 1 (NFKB1), 26S proteasome regulatory subunit 6A (PSMC3) and interleukin 1β (IL1B)\]. This indicated that the main target pathway mediated by GA is closely associated with the TNF axis.

### GO analysis and signaling pathway enrichments connected to GA-associated gene sets

To assess the functional attributes of a GA-associated gene set (129 genes from *Homo sapiens*), GO and pathway enrichment analyses were performed using DAVID with P\<0.05 as the cut-off criterion ([@b19-mmr-20-03-2657]). As presented in [Fig. 2](#f2-mmr-20-03-2657){ref-type="fig"}, GA-associated genes were classified into three functional groups: Biological processes (BP), cellular components (CC) and molecular functions (MF). In the BP group, genes were mainly enriched in 'TNF-mediated signaling pathway' and 'NIK/NF-κB signaling'. In the CC group, genes were largely enriched in 'cytosol', 'proteasome complex' and 'nucleoplasm'. In the MF group, genes were primarily enriched in 'protein binding'. The GO results therefore indicated that most GA-mediated genes were significantly enriched in 'TNF-mediated signaling pathway', 'protein binding', 'cytosol' and 'nucleoplasm'.

The top 10 KEGG pathways connected to GA-associated genes are presented in [Table II](#tII-mmr-20-03-2657){ref-type="table"} and were as follows: 'TNF signaling pathway' (34 genes), 'Epstein-Barr virus infection' (41 genes), 'NF-κB signaling pathway' (28 genes), 'apoptosis' (24 genes), 'proteasome' (20 genes), 'herpes simplex infection' (28 genes), 'NOD-like receptor signaling pathway' (18 genes), 'toxoplasmosis' (23 genes), 'osteoclast differentiation' (23 genes) and 'measles' (22 genes). In this functional enrichment analysis, the GA-associated gene set was indicated to be closely associated with TNF and TNF-related signaling pathways, which possess potential biological functions, including: i) The regulation of gene transcription associated with survival, proliferation and inflammation via the TNF/NF-κB signaling pathway; and ii) the control of cell apoptosis via the TNF/caspase family signaling pathway. On account of a direct association with the TNF axis, as determined via the interactive network analysis of GA-associated protein targets, the current study focused the subsequent analysis on the TNF and TNF-associated signaling pathways ([Fig. 1](#f1-mmr-20-03-2657){ref-type="fig"}). Thus, based on the results of the GO and KEGG pathway analysis, in combination with the determination of GA-associated protein targets, it was revealed that the main biological and functional association exists between GA and the key hub elements of TNF and the TNF-associated pathway (crossed targets including BIRC2, BIRC3, RIPK1, IKBKG and NFKB1; [Fig. 1](#f1-mmr-20-03-2657){ref-type="fig"}), which are closely associated with certain physiological or pathological regulatory mechanisms including apoptosis, anti-apoptosis, cell survival, cell proliferation, cell differentiation and inflammation ([@b22-mmr-20-03-2657]).

### Mining genetic alterations of GA-associated genes in cBioPortal cancer studies

Although DrugBank categorizes GA as an anti-inflammatory agent used for hepatic protection or peptic ulcer treatment, the results of the enrichment analysis indicated that it may also be associated with apoptosis, survival and proliferation. Furthermore, a previous study revealed that GA demonstrates marked efficacy in the treatment of inflammation-induced migration or invasion in pancreatic cancer ([@b23-mmr-20-03-2657]). To further confirm if susceptible cancers are associated with GA-associated genes, cBioPortal was utilized to analyze the genetic alterations of GA-associated genes in different types of human cancer. Since the TNF axis is a main target module of GA ([Fig. 1](#f1-mmr-20-03-2657){ref-type="fig"}), and since the NF-κB and apoptosis pathways are associated with the TNF signaling pathway, an overlapping gene set was extracted \[TNF receptor associated factor 2 (TRAF2), TNF, NFKB inhibitor-α (NFKBIA), NFKB1, TNF receptor superfamily member 1A (TNFRSF1A), component of inhibitor of nuclear factor-κB kinase complex (CHUK), RELA proto-oncogene, NF-κB subunit (RELA), BIRC3, BIRC2, TNFRSF1A associated via death domain (TRADD), RIPK1 and IKBKG\] from the genes enriched in TNF, NF-κB and apoptosis signaling pathways using Venn analysis ([Fig. S1](#SD1-mmr-20-03-2657){ref-type="supplementary-material"}). A total of 12 overlapping genes were utilized to cross-check their genomic changes and clinical profiles in cBioPortal studies. After querying the overlapping gene set of all listed cancer studies, genomic alterations (top 10 cancer studies) were determined to range between 30.09 and 44.8% ([Fig. 3A](#f3-mmr-20-03-2657){ref-type="fig"}). As the study by Beltran *et al* ([@b24-mmr-20-03-2657]) demonstrated the most prominent genetic alterations, their queried genes were further explored in the current study. A visual summary of the documented genetic changes was created using OncoPrint and is presented in [Fig. 3B](#f3-mmr-20-03-2657){ref-type="fig"}. The results revealed that 48% of sequenced samples possessed an alteration in at least one gene, and that frequency changes ranged between 5 and 26%, which were associated with the majority of gene amplifications. The query contained no genetic pairs with mutually exclusive alterations, and 66 gene pairs with concurrent alterations were determined, in which 27 gene pairs were significant (P\<0.05; data not shown).

Furthermore, cBioPortal provided interaction analyses for overlapping genes and built networks to display genes that were altered in neuroendocrine prostate cancer ([Fig. 4](#f4-mmr-20-03-2657){ref-type="fig"}). The current study constructed a network that comprised all neighbors of the overlapping genes from the pathway enrichment analysis. The network was then further modified by highlighting the neighbors of five key hub genes obtained from the PPI analysis. Five hub genes were also identified in crossed GA-associated secondary protein targets, including NFKB1, BIRC3, BIRC2, RIPK1 and IKBKG. To reduce the network complexity, only neighbors with higher alterations and queried genes were presented by filtering the frequency of genetic alterations. A gene network including the 12 overlapping genes and avian myelocytomatosis viral oncogene homolog (MYC; Entrez ID, 4609) was identified by filtering neighbor alterations (≥48.8%). Comparatively, with the filter condition of neighbor alterations ≥30%, a cluster of 29 genes were observed. The complexity of interactions between the 12 GA-associated overlapping genes and their most relevant altered gene pairs in samples from the studies by Beltran *et al* ([@b24-mmr-20-03-2657]) were presented on refined and unrefined networks.

Discussion
==========

Licorice root is a traditional medicine that has been utilized to treat viral infections, peptic ulcers, lipidemia and hyperglycemia ([@b2-mmr-20-03-2657],[@b25-mmr-20-03-2657]). A considerable number of components have been extracted from licorice, including flavonoids and triterpenes, but GA is currently considered to be the main bioactive herbal compound ([@b25-mmr-20-03-2657]). A wide range of pharmacological properties and multiple targets have been identified for GA via independent clinical and experimental studies. However, it is not fully known how GA serves a role in the regulation of certain biological processes. Therefore, a systematic method to bridge GA to its targets is required to connect these observed biological activities. The current study performed a PG-based analysis to elucidate the network interactions of GA and to assess its potential clinical application. PG-based analysis is comprised of four steps: i) GA is used as a seed to search for its primary direct targets by querying multiple drug bioinformatics and cheminformatics databases; ii) an assessment of the secondary indirect targets connected to GA-associated primary targets is performed by integrating data into a PPI network analysis tool; iii) pristine interaction networks associated with GA are filtered via GO and pathway enrichment analyses; and iv) the existence of genetic changes are validated for the refined target gene from large-scale samples obtained via cBioPortal cancer genomic studies. Different from experimental techniques that identify GA-associated targets, PG-based analysis is performed only via a rationalized hypothesis that integrates multiple online sources. PG-based analysis can generate effective results that may lead to the optimization of experiments to assess the complex mechanisms used by drugs.

The current study identified 5 GA-associated primary protein targets (HSD11B1, TNF, CASP3, NFKB2 and LPL), 138 functional partners of the primary targets, 30 enriched GO terms and 10 enriched pathways connected to GA-associated target genes. A target network center surrounding GA was then constructed based on the aforementioned results. Two obvious modules were determined in this network. Module one contained three primary targets (TNF, CASP3 and NFKB2) and 10 crossed secondary protein targets (BIRC3, BIRC2, FADD, PSMD2, IKBKG, UBC, RIPK1, NFKB1, PSMC3 and IL1B) that were closely associated with TNF axis-mediated regulation of apoptosis, immunity and inflammation. TNF-α may therefore activate pro-apoptotic and anti-apoptotic pathways. TNF-α can induce apoptosis by activating caspase-family proteins (caspase-3, caspase-8 and caspase-10). However, it may also inhibit apoptosis via NF-κB, which induces the expression of anti-apoptotic genes including Bcl-2 ([@b22-mmr-20-03-2657],[@b26-mmr-20-03-2657]). In addition, cytokines of the TNF family may induce gene transcription to regulate inflammation, cell survival, cell differentiation and cell proliferation, primarily via the activation of the NF-κB pathway ([@b27-mmr-20-03-2657]). Module two contained two primary targets (HSD11B1 and LPL) and two crossed secondary protein targets (EHHADH and NR3C1) that were closely associated with the regulation of lipometabolism ([@b28-mmr-20-03-2657]). Functional characteristic analysis of 129 GA-associated target genes was performed via KEGG. It was revealed that 34 genes were classified as validated targets of GA and were significantly enriched in the TNF signaling pathway. BP analysis of GA-associated target genes revealed that 29.5% of genes were enriched in 'TNF-mediated signaling pathway', which was the most statistically significant response. Module 1, associated with the TNF axis, was then considered to be the core analysis subset, and it was speculated that bioactivities may be initiated via the interaction between GA and its targets at the origin of various molecular events.

The TNF pathway is strongly associated with the physiological or pathological regulation of apoptosis, cell survival, cell proliferation and inflammation ([@b22-mmr-20-03-2657]). In recent years, the GA-mediated regulation of inflammation has been studied, particularly in hepatoprotective processes. However the GA-mediated regulation of apoptosis, cell proliferation and cell survival in certain diseases, such as cancer, remains unclear. Connectivity between the TNF axis and GA-mediated biological functions in cancer were assessed by determining the genetic changes of 12 overlapping genes (TRAF2, TNF, NFKBIA, NFKB1, TNFRSF1A, CHUK, RELA, BIRC3, BIRC2, TRADD, RIPK1 and IKBKG) revealed by TNF and TNF-associated signaling pathways (TNF/NF-κB signaling pathway and TNF/caspase family apoptosis signaling pathway). In the current study, the connectivity between GA-associated targets and cancer was revealed via queries made using cBioPortal. In the case of neuroendocrine prostate cancer, frequency changes of the gene set ranged between 5 and 26%, and the abrupt genetic alterations centered on expression amplification. RELA (with a 26% change) is a proto-oncogene that usually forms a complex with NFKB, which subsequently moves to the nucleus and activates the transcription of specific genes ([@b29-mmr-20-03-2657]). IKBKG (26%), an NF-κB essential modulator, encodes the subunit of the inhibitor of NF-κB kinase complex, which activates NF-κB and induces the activation of genes relating to survival, inflammation and other pathways. Similarly to RELA, hypomorphic mutations of IKBKG may result in immunodeficiency ([@b30-mmr-20-03-2657]). TRAF2 (22%), a mediator of TNF receptor anti-apoptotic signaling, is indispensable for the TNF-α-mediated activation of MAPK8/JNK and NF-κB ([@b31-mmr-20-03-2657]). TRADD, a TNF receptor-associated apoptotic signal transducer, interacts with TRAF2, resulting in the direct inhibition of caspase activation by recruiting inhibitor-of-apoptosis proteins (IAPs) ([@b32-mmr-20-03-2657]). In addition, other IAPs inhibit apoptosis. For example, BIRC2 (19%) and BIRC3 (18%) usually form a complex by binding to TRAF1/2 ([@b33-mmr-20-03-2657],[@b34-mmr-20-03-2657]). Previous studies have indicated that the anti-cancer activities of GA are closely associated with anti-proliferative or anti-angiogenic signals linked to the TNF axis ([@b5-mmr-20-03-2657],[@b9-mmr-20-03-2657],[@b35-mmr-20-03-2657],[@b36-mmr-20-03-2657]). Therefore, the results of the PG-based analysis indicated that GA-associated core targets may therapeutically benefit neuroendocrine prostate cancer.

It has been established that TNF binds to TNFR1/2 to regulate distinct downstream pathways under certain conditions. The binding of TNF to TNFR1 activates MAPK/NF-κB/caspase signaling pathways to mediate the regulation of inflammatory cytokines, vascular effects or apoptosis ([@b37-mmr-20-03-2657]). In addition, binding may activate the PI3K-AKT signaling pathway to mediate the regulation of cell survival ([@b37-mmr-20-03-2657]). Three primary targets (TNF, CASP3 and NFKB2) of the TNF axis exhibit GA-mediated inhibitory activity. TNFR1 of the TNF/NF-κB signaling pathway and TNFR2 of the PI3K-AKT signaling pathway are considered to be the most relevant targets. However, the PI3K-AKT signaling pathway was not included in the top 10 pathways of KEGG. The GA-mediated downregulation of this pathway has been previously demonstrated as an important mechanism involved in the anti-cancer effects of GA in the growth and migration of leukemia cells ([@b5-mmr-20-03-2657]). Therefore, the current study may only provide a reference for future biological studies. Despite this, significant genetic alterations of TRAF2 (22%), BIRC2 19%) and BIRC3 (18%) were identified in the current study and may therefore serve primary regulatory roles.

The PG-based analysis of the present study was further utilized to mine potential interactions connected to GA-associated overlapping targets in neuroendocrine prostate cancer by constructing a visual network using cBioPortal. It is possible to identify key targets for the treatment of neuroendocrine prostate cancer. Although neuroendocrine prostate cancer is extremely rare, with a prevalence of \<1%, it is a lethal and aggressive subtype of prostate cancer, which includes the resistance mechanism of non-androgen receptors ([@b38-mmr-20-03-2657]). The loss or inactivation of RB transcriptional corepressor 1 and p53, or the overexpression of the MYC family (particularly N-My and C-Myc) serve important roles in the development of aggressive prostate cancer and metastasis ([@b38-mmr-20-03-2657]). The current study revealed that the MYC target gene (44.8%) exhibited the highest alteration by filtering the interactive network connected to overlapping targets associated with GA. Furthermore, RIPK1 (14%) was deemed to serve an important role as it connected 12 of the 29 genes with \>30% genetic alterations in neuroendocrine prostate cancer. The majority of targets that interacted with RIPK1 were considered to be proto-oncogenes, including LYN proto-oncogene, Src family tyrosine kinase (33.6%), A-Raf proto-oncogene, serine/threonine kinase (30.8%), Pim-2 proto-oncogene, serine/threonine kinase (31.8%) and MOS proto-oncogene, serine/threonine kinase (33.6%). In response to tissue damage and pathogen recognition, the encoded protein of RIPK1 serves an important role in the regulation of inflammation and cell death ([@b39-mmr-20-03-2657]). This may provide an increased understanding of underlying malignant disease mechanisms and may lead to the development of GA-associated chemoprevention in neuroendocrine prostate cancer.

However, certain previously demonstrated effects of GA were not identified among candidate genes in the present study. For example, high mobility group box 1 (HMGB1) is a nuclear DNA-binding protein that regulates transcription in several cellular processes including inflammation, cell differentiation and tumor cell migration ([@b40-mmr-20-03-2657]). In particular, the impact of GA on HMGB1 is of great biological relevance to the pharmacological effects of GA in immunoinflammatory diseases. GA has been demonstrated to inhibit HMGB1 expression, resulting in the upregulation of heme oxygenase 1 expression ([@b41-mmr-20-03-2657]). By inhibiting the interaction of HMGB1 with its receptor toll like receptor 2, GA may have the potential to inhibit the activation of the innate immune system, including the production of IL-1 and TNF-α, which are implicated in the pathogenesis of immunoinflammatory and autoimmune diseases such as multiple sclerosis and rheumatoid arthritis ([@b42-mmr-20-03-2657]). Although biological evidence indicates that the GA-mediated inhibition of HMGB1 is a principal pharmacological effect, the PG analysis of the current study did not determine HMGB1 as target of GA. The reason why certain demonstrated targets *in vitro*, such as HMGB1 and the inflammasome, were not shown in the present analysis may that the interaction is indirect, and thus these are not primary targets. Alternatively, it may be that the databases were not up-to-date with respect to predicting the secondary interactions. For this reason, it is hypothesized that other genes not included in the analysis of the current study remain worthy of assessment *in vitro* to determine all the pharmacological effects of GA; in particular, the effects of GA on the pleiotropic cytokine macrophage migration inhibitory factor, which is implicated in the pathogenesis of autoimmune diseases and cancer, and is an activator of the inflammasome ([@b43-mmr-20-03-2657]). There remain many obstacles to validating associations based on PG analysis and their translation into clinical practice. Although \~15% of approved drugs include PG information on the label, only a fraction of these are deemed actionable ([@b44-mmr-20-03-2657]).

Based on the PG analysis strategy implemented in the current study, a network of 138 functional interactions was constructed to identify GA-associated primary and secondary targets. The main biological effects mediated by the drug-target network of GA were enriched via the regulation of the TNF axis, as determined using integrated analyses. The impacts of TNF axis core elements were further evaluated in a specific type of cancer via the cBioPortal altered genes network. A simple and flexible interface was also constructed to test hypotheses regarding significant genetic alterations and subsequent phenotype expression, and to develop the potential use of GA in neuroendocrine prostate cancer. Furthermore, the analytical method used in the current study may help elucidate the side effects of GA. However, further experimentation is required to determine which effects are dominant in the treatment of neuroendocrine prostate cancer, therapeutic or side effects.
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![Drug-target interaction network of GA-associated protein targets. GA is presented in red, primary protein targets including HSD11B1, TNF, CASP3, NFKB2 and LPL are presented in yellow, and secondary protein targets that interact with GA-associated primary protein targets are presented in blue. Crossed secondary protein targets (BIRC3, BIRC3, FADD, PSMD2, IKBKG, UBC, RIPK1, NFKB1, PSMC3, IL1B, EHHADH are NR3C1) are presented as red circles. The network exhibited a total of 138 protein-protein interactions. GA, glycyrrhizic acid.](MMR-20-03-2657-g00){#f1-mmr-20-03-2657}

![GO analysis and significant enriched GO terms of glycyrrhizic acid-associated genes. GO, Gene Ontology.](MMR-20-03-2657-g01){#f2-mmr-20-03-2657}

![Summary of the genetic changes of 12 GA-associated overlapping genes, obtained from cBioPortal cancer genomic studies. (A) Overview of the top 10 genomic changes of 12 overlapping genes (TRAF2, TNF, NFKBIA, NFKB1, TNFRSF1A, CHUK, RELA, BIRC3, BIRC2, TRADD, RIPK1 and IKBKG) in cBioPortal genomic datasets available from all 225 listed studies. (B) OncoPrint profile of the genetic alterations of 12 overlapping genes in samples of neuroendocrine prostate cancer (Beltran *et al*) ([@b24-mmr-20-03-2657]). The results revealed alterations in 51 (48%) of 107 sequenced samples. CNA, copy-number alteration; GA, glycyrrhizic acid.](MMR-20-03-2657-g02){#f3-mmr-20-03-2657}

![Visualized gene networks of GA-associated genes in neuroendocrine prostate cancer. Mined genes (TRAF2, TNF, NFKBIA, NFKB1, TNFRSF1A, CHUK, RELA, BIRC3, BIRC2, TRADD, RIPK1 and IKBKG; marked with a thick black border) were applied as seeds to capture their interactions, which were sequenced as altered genes in the current study. Neighbors are presented by adjusting filters to 30% and maximal genetic alterations.](MMR-20-03-2657-g03){#f4-mmr-20-03-2657}

###### 

Identification of primary protein targets of glycyrrhizic acid using DrugBank.

  Searched drug   Targets                             
  --------------- --------- --------- -------- ------ -------------------------
  1               DB13751   HSD11B1   P28845   3290   Antagonist
  2               DB13751   TNF       P01375   7124   Antagonist
  3               DB13751   CASP3     P42574   836    Antagonist
  4               DB13751   NFKB2     Q00653   4791   Translocation inhibitor
  5               DB13751   LPL       P06858   4023   Inducer

HSD11B1, corticosteroid 11-β-dehydrogenase isozyme 1; TNF, tumor necrosis factor; CASP3, caspase-3; NFKB2, nuclear factor κB subunit 2; LPL, lipoprotein lipase.

###### 

List of significant enriched signaling pathways of the glycyrrhizic acid-associated genes.

  Pathway name                          \#Gene   P-value        Entrez_ID
  ------------------------------------- -------- -------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  TNF signaling pathway                 34       1.97×10^−33^   7185 1437 7186 6347 7124 4792 4790 6885 207 7132 9530 2353 836 7133 602 3553 1147 7187 3383 3569 5970 8772 330 10454 23118 329 8717 843 3725 1432 8737 8517 11035 7128
  Epstein-Barr virus infection          41       2.99×10^−33^   7185 7186 4793 7431 7979 4792 4790 4791 6885 207 5707 3458 5708 5709 5710 9861 5713 1147 5714 7187 3383 5970 5971 7157 5925 10454 23118 8717 7297 5705 5704 5718 5702 5717 3725 8737 1432 5701 5700 8517 7128
  NF-κB signaling pathway               28       2.78×10^−27^   7185 7186 7124 331 4792 4790 4791 6885 7132 3553 1147 7187 3383 4055 5970 5971 115650 330 10454 23118 329 8717 5588 10673 959 8737 8517 7128
  Apoptosis                             24       2.24×10^−25^   7186 7124 331 5970 54205 7157 4792 4790 8772 330 329 8717 8797 207 843 7132 839 836 8743 8795 581 8737 8517 1147
  Proteasome                            20       1.31×10^−22^   5699 7979 5705 5718 5689 5704 5717 5686 5702 5701 5684 3458 5707 5700 5708 5709 5710 9861 5713 5714
  Herpes simplex infection              28       4.51×10^−18^   7185 7186 7124 6347 4793 4792 4790 6885 7132 2353 836 3458 3553 8454 1147 7187 3569 5970 54205 7157 8772 6500 10454 23118 7297 3725 8517 3593
  NOD-like receptor signaling pathway   18       2.19×10^−17^   3569 7124 6347 5970 3606 4793 4792 4790 330 10454 329 23118 6885 1432 8517 3553 7128 1147
  Toxoplasmosis                         23       4.57×10^−17^   7124 331 4793 5970 54205 79444 4792 4790 330 10454 329 23118 6885 207 7297 7132 836 959 1432 3458 8517 3593 1147
  Osteoclast differentiation            23       4.67×10^−16^   7186 7124 5970 5468 5971 4792 4790 4791 10454 23118 6885 7297 207 7132 1540 2353 3725 1432 8517 3458 3553 1147 3552
  Measles                               22       9.04×10^−15^   3565 3569 4793 5970 7157 4792 4790 23118 6885 8797 207 7297 5588 8743 8795 3458 3553 3593 7128 3552 1147 3558

TNF, tumor necrosis factor.
